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Abstract 
Lagos state hosts one of the largest emerging cities in the world, with such a status comes the 
problem of a population that is fast outgrowing the infrastructure required for its survival, such as 
sewage treatment facilities to prevent pollution. In a situation where the government is finding it 
difficult to solve problems the private sector must intervene where possible, but for this to happen 
they must see an avenue for profit making. In doing this research work I intend to investigate the 
possibility of turning the state’s sewage waste to energy for profit making such that private entities 
have an incentive to solve this problem. 
This study includes a detailed study of the technology of a biogas plant, the process of digestion and 
a look at a number of other biogas plants operating around the world. The costs per cubic meter of 
gas produced were examined and were used to estimate a possible cost of such a plant in Lagos. The 
net present cost of such a plant was calculated, and a case study was used to compare the use of 
biogas with natural gas for industrial heat processes. The feasibility of the plant was explained and a 
sensitivity analysis of the effects of changes in capital cost and the discounting rate was done.  
The NPC of the plant over its 10 year lifetime is $1.75million and it has a Levelised cost of $0.78/m3. 
The plant at current operation parameters is not viable because the net present value is negative.  
To conclude the plant is not viable but with some changes in the regulatory environment, 
improvements in plant operations and extra efforts in sourcing revenue it has the potential to solve 
a major problem and also generate a good profit.  
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1. Introduction and Background 
1.1 Background 
Biogas is a gaseous mixture obtained from the decay of organic materials by bacteria in the absence 
of oxygen, which is a process known as anaerobic digestion. Biogas is made up of a mixture of 
predominantly methane and carbon dioxide. It is considered a renewable source of energy due to its 
source and ability to displace natural gas and other fossil fuels in many instances. The process of 
anaerobic digestion occurs in a digester which is an air tight container where bacteria break down 
organic matter. Digesters come in different sizes or capacity which refers to the volume of the 
digester enclose. The most popular are the domestic sized volumes of 1m3 to 10m3. They are used in 
developing countries to treat waste and provide energy for cooking and heating. Large scale 
digesters or plants as they may be called come  in large volume sizes starting from a couple of 
hundreds to thousands m3  and are usually used to process huge volumes of waste from sources 
such as dairy farms, city sewage and municipal waste.  This research work will look at the viability of 
siting a large-scale biogas plant in Lagos state which is situated in Nigeria.  
1.2 Biogas Plants around the world 
Biogas plants have been around for quite some time and, like most other non-hydro renewable 
energy sources, saw an increase in interest and use during the Oil shocks in the 70s which 
encouraged the use of alternatives to fossil fuels around the world. Europe is in the forefront of its 
use with numerous plant designs and business models for its production and utilization all around 
the continent (Raven and Gregersen 2005). The regime of policies that have encouraged the 
production of biogas from farm waste, Municipal solid waste MSW, sewage, industrial wastewater  
include feed-in-tariffs for green electricity, encouragement of biogas injection in gas pipelines and 
favourable tax incentives. This led to the construction of numerous biogas plants across the 
continent on places such as farms and wastewater plants. Its use, encouraged by energy and 
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environmental policy, helped many countries deal with their waste and reduce dependence on fossil 
fuels. In countries like Germany, Denmark and Sweden the uses of the biogas produced ranged from 
electricity generation, injection into natural gas pipelines, district heating and transportation fuel in 
buses, cars, and trains (IEA Bioenergy 2005).  
In developing countries the motives have mostly been different, and the sizes have also differed 
from their developed counterparts. In countries like China that are believed to have millions of 
domestic biogas digesters, they have helped reduce deforestation due to firewood use, and also 
improved the sanitary conditions of rural areas, and improved the quality of life of many families 
which use it (ISIS 2006). This can be said for many other developing countries which all aim to use 
biogas production to achieve many of the same goals China achieved with its biogas use. This has 
been done with use of varying feedstock from animal manure, farm waste and human waste.  Most 
of these goals are being achieved with the aid of international organizations which invest in training 
and equipping of locals to build and maintain biogas digesters (ISIS 2006).  Developing countries 
mostly have domestic biogas production but many are now investing in large-scale production for 
improved energy access for their citizenry. A summary of anaerobic facilities (as at 2009) is provided 
in Table 1.1. 
Table 1.1: Anaerobic digestion Facilities around the World. Source (Essential Consulting Oregon 
2009) 
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1.3 Lagos State 
Lagos State is a state in the Southwest region of Nigeria. “Lagos State with an area of 3577 square 
kilometres is the smallest in the federation though the most densely populated in land area. The 
state is host to a city called Lagos (Lagos State Government 2011). The state was formally the capital 
of the country until the late 1980s when the capital was moved to the newly created capital of 
Abuja. It is currently known as the financial capital of the country and can be said to be the most 
urbanized state in the country. Varying reports of its population exist with most accounts giving 
estimates above 10 million and some recent estimates with figures as high as 20million people. It is 
host to one of Africa’s most populated cities called Lagos which is sometimes confused with the 
state that has the same name. It is a coastal city with West Africa’s busiest port and is well known for 
its water ways which surround the city of Lagos. 
Lagos State with its ever growing population and constant growth has been lacking in matching 
infrastructural growth to sustain its growing population. This is noticeable in the constant traffic 
congestion, and other forms of congestions due to the added amount of people using the same 
restricted facilities. These problems can be due to political inaction on these trying issues. 
The state is characterised by a tropical climate and is also known for its heavy rainfall season during 
the rainy season months of April to July, October to November and the hot dry weather during the 
dry season months of August to September and December to February. The later dry season period 
is characterized by Harmattarn winds from the Sahara desert (BBC Weather 2007).    
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Fig.1.1: Map of Nigeria with Lagos in the South West corner.  (Lagos wastewater management office 
2011) 
1.4 Wastewater Management in Lagos 
The growth in the state in both population and economic activities is a constant source of concern 
for the state government because of the growing stress on the already existing infrastructure 
present in the state. The state of wastewater management in the state is very poor because in a 
state with an estimated population of almost 20 million there are only five wastewater treatment 
plants, which have a toilet capacity to cater for less than 10% of the population. It is estimated that 
the “state generates 1.4billion litres of wastewater per day” (Lagos wastewater management office 
2011). The four public wastewater treatment plants (WWTP) include: Abesan WWTP, Alausa WWTP, 
Iponri WWTP and Oke Afa WWTP which are shown in fig. 1.2 below.  
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Fig.1.2: Pictures of WWTP in Lagos State. Source  (Lagos wastewater management office 2011) 
All these facilities combined can cater for only 6% of the wastewater treatment needs of the state.  
The sewage infrastructure hasn’t increased even as the population increased over the years thus 
there has been a decline in access to wastewater disposal facilities. This has led to private solutions 
to this problem which include soak-away pits and septic systems which are built with each building. 
These onsite disposal systems are not sustainable choices for a coastal state such as Lagos that has a 
water table which is close to the surface and risks   contaminating the drinking water for the many 
citizens who rely on bore wells too. These localised disposal systems are regularly evacuated by 
septic tankers and the contents are usually dumped untreated into the numerous water bodies in 
Lagos, where they cause further pollution see fig.1.3. The ideal situation would be for the provision 
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of sewage ducts to the nearest WWTP plants which have to be constructed but in the short term 
when this is not available for the majority of the state’s population, the question arises of how is the 
pollution arising from this deficit in infrastructure to be solved? 
 
 
 
Fig.1.3: Sewage pumped into water bodies in Lagos.  Source  (Lagos wastewater management office 
2011) 
1.5 Energy Industry in Nigeria 
Nigeria’s economy is largely dominated by its energy industry since it is the mainstay of the 
economy. This is due to oil revenues which “account for over 95 percent of export earnings and 
about 40 percent of government revenues” (US Energy Information Administration 2012). The 
country has the second largest oil reserves in Africa and the largest natural gas reserves in the 
continent.  The energy industry is mostly dominated by two government monopolies in the 
electricity sector and the petroleum sector which are Power Holding Company of Nigeria (PHCN) and 
the Nigerian National Petroleum Corporation (NNPC) respectively.  The country still underutilizes its 
energy potential as most of the country still uses firewood and biomass as their only source of 
energy see fig.1. 4 and it is estimated to have only 40% electricity penetration among its populace 
(National Planning Commision 2010). 
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Fig.1.4: Chart of Total energy consumption in Nigeria 2008 
The electricity generation in the country is dominated mostly by hydro and natural gas as shown in 
the fig.1.5 below. There is also the use of oil which mostly takes into consideration the citizens who 
generate electricity for themselves with the use of petrol and diesel fuel generators which are 
popular among the populace due to the Intermittent supply of electricity from the state owned 
monopoly PHCN.  
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Fig.1.5:  Graph of Electricity generation by fuel Source: The country’s energy indicators are low when 
compared to other countries to show that the country though rich in energy resources, has energy 
supply per population ratio. 
Its indicators are:  
Total primary energy supply (TPES) 108.25 mtoe 
Electricity consumption 18.62 TWh 
Energy production 228.72 mtoe 
Electricity consumption/Population 120 kWh/capita 
TPES/ Population    0.70 toe/capita 
Source: (US Energy Information Administration 2012) 
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1.6 The Project  
The current sewage or waste water management system for the Lagos state is vastly inadequate to 
handle the state’s current population and expected population growth. This is leads to dumping of 
wastewater into the state’s numerous water ways which in turn increases pollution in the state 
which is in no one’s interest.  
The current wastewater system is being managed by the state government which has proved over 
the years to be incapable of handling the rapidly growing demand for such services and is hoping for 
private involvement in the provision of this service to its citizens. In the current network where there 
is a lack of sewage pipes; sewage is disposed in onsite septic tanks which are evacuated by 
independent contractors with septic tankers who empty the waste into lagoons.  
For private involvement in such a sector there needs to be an opportunity for profit which may not 
exist in only revenues from evacuating septic tanks but could exist in the use of this waste in the 
provision of energy services and fertilisers.  
The most important research question for this thesis is: Will a biogas plant be financially viable in 
Lagos Nigeria? Other important questions to be answered are:  
1. What are the estimated costs of a biogas plant in Lagos? 
2. What are the possible avenues for revenue generation?  
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2. Literature review 
2.1 Biogas 
Biogas is a gaseous mixture made up of mostly methane gas and carbon dioxide; it is the product of 
the digestion by methanogenic bacteria of organic waste in anaerobic conditions. Biogas is a 
renewable fuel that can be used for heating, power generation and other uses of gaseous fuels. The 
process of biogas formation is called anaerobic digestion (AD).  The final biogas product may contain 
other gases like Nitrogen, water vapour, Hydrogen and Hydrogen Sulphide in various quantities 
depending on many factors. 
2.2 Anaerobic Digestion 
Anaerobic digestion is the natural process by which organic materials are broken down by bacteria in 
the absence of oxygen and is a naturally occurring process in nature. It has been used over the 
centuries as a means of disposing organic wastes such as sewage sludge, organic farm waste, 
municipal solid waste (MSW), green/botanical waste, organic industrial and commercial waste.  
Anaerobic digestion “occurs in natural ecosystems and has been used for centuries to stabilise and 
concentrate organic wastes from human civilisation” (Cowgill 2011). The use of closed containment 
has helped reduce escape of odours and improved the outcome of the process.  
“The AD process can take place at different temperatures, divided into three temperature ranges: 
psychrophilic (below 25oC), mesophilic (25oC – 45oC), and thermophilic (45oC – 70oC).” (Teodorita Al 
Seadi 2008). Thermophilic temperatures tend to be more productive for biogas production, due to 
the high temperatures however, it usually costs more to maintain such temperatures thus making 
this approach more expensive than the others.  Mesophilic and psychrophilic temperatures are 
temperatures that occur in nature and thus may lead to lower cost routes to biogas production 
where possible.  
Anaerobic digestion consists of four main procedural steps which are: hydrolysis, acidification, 
acetogenesis, and methanogenesis.  See figure2. 1 below 
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Fig:2.1 Stages of Anaerobic digestion 
 Source: (Essential Consulting Oregon 2009) 
Hydrolysis:  
This is the first stage of organic waste being broken down in AD. In this stage the organic waste is 
broken down into monomers and polymers by the enzymes released by the fermenting bacteria. 
“Carbohydrates and fats are hydrolysed within hours, proteins and lipids within several days, and 
cellulose at a very much slower rate – if at all.” (Cowgill 2011).  
Acidification: 
In this second stage of AD the products of hydrolysis are transformed into short chain volatile acids, 
acetate, alcohols, hydrogen and carbon dioxide. The acetate, hydrogen and carbon dioxide will skip 
the third stage and will be directly involved in methane formation in the methanogenic stage. The 
concentration of hydrogen ions produced during this stage has a direct influence on the 
simultaneous production of acetate. 
Acetogenesis: 
In this third stage the rest of the products from the earlier process are transformed by acetogenic 
bacteria into hydrogen, carbon dioxide and acetic acid. The presence of hydrogen is very important 
in this process as hydrogen at a low enough pressure will allow for the conversion of all the acids. 
The lowering of the hydrogen pressure is carried out by hydrogen scavenging bacteria. The measure 
of hydrogen concentration in a digester is an indicator of its productivity.  
Methanogensis: 
This is the final stage of the AD process in which all the products of the previous stages are 
converted into methane and carbon dioxide, together with traces of hydrogen sulphide, nitrous 
oxide and other gases.  The two groups of bacteria involved in this process are the Hydrogenophillic 
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and Acetotrophic species.   The simplified chemical equation for all the processes stated above is 
given as follows: 
C6H12O6=>3CO2+3CH4 
2.3 Factors that affect anaerobic digestion 
There are many factors which affect and alter the process of anaerobic digestion, in various ways 
and so must be monitored and adjusted if possible to get optimum results from the anaerobic 
process being carried out in the digester. Common factors include: temperature, ph, mixing, and 
retention times which are mostly used to gain optimum methane production from Methane-forming 
bacteria degradation of volatile acids. This mostly occurs in the methanogensis stage of the above 
process.   
Temperature: 
The temperature inside an anaerobic digester during the process is very important as it is influential 
on the performance of methane forming bacteria. Methane forming bacteria operate optimally at 
the following temperature ranges: mesophilic, psychrophilic and thermophilic. Mesophilic 
temperature ranges are between 30 to 35oC and this is the most common anaerobic operational 
temperature used. In commercial biogas systems thermophilic temperature ranges are between 50 
to 60oC. Temperature ranges outside the above named ranges do not necessarily mean zero 
methane production but that at those ranges, other bacteria actions occur which adversely affect 
the rate of methane production. The temperature of an anaerobic digester also affects the time 
required for digestion to occur for example at thermophilic ranges the time taken is shorter, 
methane production is higher and there is greater destruction of pathogens compared to when 
digestion occuring at mesophilic temperature ranges.  
PH: 
The PH in an operating anaerobic digester is very important as this affects the effectiveness of the 
methane forming bacteria which require PH levels between 6.8 and 7.2 when converting volatile 
acids into methane. Acid forming bacteria enzymatic activities occur above PH 5 but similar reaction 
of methane forming bacteria don’t occur below a PH of 6.2 thus emphasizing the need for proper 
monitoring of the PH levels of a digester during operation.  
Mixing: 
Mixing within a digester allows for well spread contact between the bacteria and the substrate and 
helps eliminate pockets where there is no contact. It also helps prevents the formation of 
temperature gradients so there is even digestion throughout the digester thus helping reduce the 
formation of scum.  
Retention Time: 
Retention time is the average time that quantities of input must stay in a digester in order to be 
acted on by methanogens. There are two types of retention times in an anaerobic digester:  Solids 
retention time (SRT) and hydraulic retention time (HRT). “SRT is the average time that bacteria 
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(solids) are in the anaerobic digester. SRT is the time wastewater or sludge is in the anaerobic 
digester.” (Gerardi 2003).  
Toxicity: 
The presence of various mineral ions, heavy metals and detergents are some of the toxic material 
that affects the growth of pathogens in the digester. Small quantities of mineral ions such as: 
sodium, potassium, calcium, magnesium, ammonium and sulphur stimulate the growth of bacteria, 
while increased concentrations of these ions are toxic. Likewise some heavy metals in small 
quantities are essential for bacteria growth.  The content of such substances and their quantities and 
concentrations are vital to the optimum growth of bacteria and production of methane. Table 2.1 
below shows the concentrations of mineral ions which are toxic.  
 
 Table: 2.1 Toxic concentrations of mineral ions  
Source: (Werner Kossman 2011) 
Loading rate: 
This is the amount of organic material fed per unit volume of digester capacity daily. The appropriate 
loading rate depends on the digester size and the organic material being used. If the digester is 
overfed there is acid accumulation and inhibition of methane production while an underfed digester 
also results in low methane production.    
Carbon/Nitrogen (C/N) ratio:  
The Carbon and Nitrogen ratio is important as the pathogens require both elements in specific 
quantities for metabolic reactions.” Various experiments have shown that the metabolic activity of 
methanogenic bacteria can be optimized at a C/N ratio of approximately 8-20, whereby the 
optimum point varies from case to case, depending on the nature of the substrate.” (Werner 
Kossman 2011) 
2.4 Biogas Technology 
Biogas technology refers to a system which converts organic material to biogas and effluent which 
can be used as a soil conditioner. It is mostly made up of the following parts: the input collection 
(usually waste), the digester, effluent storage, gas handling and gas storage or use. 
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Input collection:  This is the part of the system that incorporates pre-existing waste disposal systems 
or comes up with new ways which prepare the inputs and send them into the digester at a steady 
loading rate.  
Digester: This is an air tight containment system which provides the necessary conditions for the 
growth of the required pathogens and the production of methane. It is an airtight and water tight 
container where biological and chemical reactions take place and is also known by other names such 
as a biogas plant, bioreactor, and anaerobic digester. It comes in varying shapes and sizes and below 
are varying classifications based on certain key factors.    
Biogas Digester classifications 
Anaerobic digestion though a naturally occurring process in nature, require certain conditions to get 
optimal output of biogas and to properly digest the substrate. To provide this a digester is used to 
create the required environment for the results of the process.  Digesters are classified based on 
specific characteristics which are:  
 Bacterial growth system 
  Digester Temperature  
 Digester configuration. 
Bacterial Growth System: 
This is a classification based on bacterial growth in digesters. There are two types: 
1. Suspended growth systems 
2. Fixed film growth systems  
Suspended growth systems:  In this system the bacteria are suspended in the digester through a 
continuous mixing action. The use of continuous mixing creates for a thorough distribution of 
bacteria and biomass throughout the digester. Completely mixed anaerobic digesters do not have a 
means for retaining and concentrating the biomass therefore SRT is the same as HRT.  
Fixed Film growth systems:  Fixed film systems provide a proper environment for the growth of an 
agglutinated mass of bacteria. Bacteria growth takes long periods thus the media used for fixed film 
systems holds the bacteria in the digester for long periods thereby providing for both long SRTs and 
short HRTs. The bacteria grow in forms of stringlike masses in the system which is found on the 
supportive media or within the openings or voids of the supportive media. The system usually uses 
gravel, plastics and rock as the supportive media.  
“Fixed-film systems operate as flow through processes that is wastewater passes over and through a 
bed of fixed film of bacteria growth. Soluble organic compounds in the wastewater are absorbed 
(diffuse into) by the bacteria, whereas insoluble organic compounds are adsorbed (attach) to the 
surface of the bacteria. The flow of wastewater through fixed film systems may be from bottom to 
the top (upflow) or from the top to bottom (downflow)” (Gerardi 2003). The fixed film systems 
allows bacteria in the form of solids to remain in the digester for long SRTs, thus allow methane 
forming bacteria to acclimate to toxic substances like ammonia, sulphide and formaldehyde. The 
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fixed film system thus allows for the treatment of industrial wastewater containing toxic substances 
in anaerobic fixed films systems with long SRTs and short HRTs.  
Temperature: 
This is classification based on the temperature of operation of the anaerobic digestion in the 
digester. There are three types based on this classification: 
1. Psychrophilic 
2. Mesophilic  
3. Thermophilic 
Psychrophilic Digesters: Psychrophilic digester are digester that the anaerobic digestions and 
methane production occurs at a low temperature range of 5-20oC. Due to the low operational 
output psychrophilic digestion is used for small scale operations. The temperature of operation of 
such digester is usually the temperature of the surrounding environment and it varies with seasons. 
Due to the low operational temperatures in psychrophilic digesters, the SRTs for the digester are 
over 100 days.  
 Mesophilic Digesters: Mesophilic digesters have anaerobic digestions at a temperature range of 30-
35oC. Most anaerobic processes for industrial waste water and municipal waste are carried out at 
these temperatures. There are more anaerobic bacteria (mesophiles) at this temperature range than 
any other range. Mesophilic digester are less expensive to run on the large scale than thermophilic 
digester because no need to expend lots of energy to maintain high temperatures.  
Thermophilic digesters: This is an anaerobic digester with operational temperature range of 50-60oC. 
This is usually used in industrial wastewater treatment plants, where heat from other processes can 
be used to heat the digester. Due to the high operational temperature there is rapid methane 
production, and high rate pathogen destruction when compared to the other two. Apart from the 
above advantages of this type of digester it is expensive to operate due to the fact that a high 
temperature must be maintained. Methane producing bacteria at this temperature range are few 
and are very sensitive to digester temperature fluctuations. 
Configuration:  
This classification is based on the configuration of an AD plant; there are mainly two types which are: 
1. Single stage digester 
2. Multiple stage digester 
Single stage digester: Single stage digester is made up of a single tank or reactor. All the operations 
such as feeding sludge, mixing, heating, gas collecting and supernating all occur within this one tank. 
This is all possible because of the stratification of the digester content. Stratification causes the 
following layers to form in the digester: gas, scum, supernatant, active digester sludge, digested 
sludge and grit. Single stage digester can be easily disrupted or upset due to the fact that multiple 
reactions are occurring inside simultaneously. Acid forming bacteria and methane forming bacteria 
are also constantly reacting together. Difference in tolerance to fluctuations in operational 
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conditions, tend to cause imbalance between the acid production rate and the methane production 
rate, thus may cause changes in the PH level which may result in digester failure.   
Multiple stage digesters: Multiple stage digester systems consist of two or more separate tanks or 
reactors. A multiple stage systems is more efficient than the single stage systems. It improves 
performance because the multiple tanks allow for the different stages of AD to occur in different 
tanks where the operational conditions can be designed to suit the specific stages. These multiple 
stage also allows for the system to enjoy benefit of both mesophilic and thermophilic bacteria and 
also allows for separation of the activities of acid producing bacteria and methane producing 
bacteria. This all allow for optimum operation of each stage of AD giving more methane production 
and pathogen destruction.  The system comes in different designs which will optimize the result that 
are required.  
Some general types of digesters include:  Anaerobic lagoons, plug flow digesters, continuous stirred 
tank reactor (CSTR), upflow anaerobic sludge blanket (UASB), anaerobic filter, etc.  
Anaerobic Lagoons:  An anaerobic lagoon is just a covered pond where anaerobic digestion of 
organic material takes place. It operates at psychrophilic temperature ranges and it could have the 
facility to mix or not. This digester has a poor bacteria to substrate contact and is also known for it 
seasonal variations in biogas production. The combination of all the above factors also leads to a 
long retention time and low digestion time. It has low capital cost but its biogas productions lags 
other digester types. Anaerobic lagoons are designed to help reduce emission and odour control so 
it does not optimize biogas production.        
Plug flow digester: A plug flow digester as illustrated in figure2.2 below is linearly arranged reactors 
with influent entering on one end and effluent exiting on the other end.  It is not usually equipped to 
mix while digesting. Substrates move through the digester in a slug thus creating a narrow solid 
range to avoid stratification or obstruction. The capital and operational costs are moderate but it has 
down times due to periodic cleaning of the system.  The retention time is between 20-30 days.  
                                                                                          
Fig: 2.2 Plug flow digester Source: (Essential Consulting Oregon 2009) 
  Continuous stirred tank reactor (CSTR): This is usually a cylinder as shown in figure2.3 below with a 
low height to diameter ratio which could be made of either concrete or metal. The temperature of 
operations could be either mesophilic or thermophilic and like the name implies it mixes the 
substrate through either mechanical, hydraulic or gas injections.  The system can accommodate a 
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wide range of solids, has high capital and operational cost. The system has reliable production of 
biogas and also can be use mixed feed stock. 
 
           Fig:2.3   CSTR Source (Essential Consulting Oregon 2009) 
Upflow anaerobic sludge blanket (UASB): This is a digester which processes wastewater 
anaerobically by forming a blanket of granular sludge, suspended in the tank. The wastewater then 
flows upward through the blanket to be processed by anaerobic microorganisms. “The upward flow 
combined with the settling action of gravity suspends the blanket with the aid of flocculants” 
(Wastewater engineering group 2007).  The blanket usually reaches maturity after about 3 months 
of operation.  It produces a high methane content biogas and it is a technology that requires 
constant monitoring during its operations. Figure2.4 below illustrates the UASB. 
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Fig:2 4 Upflow Anaerobic sludge blanket Source: (Wastewater engineering group 2007) 
Anaerobic filter: This digester which contains filter medium where anaerobic microorganisms can 
establish and is mostly used in the treatment of wastewater. 
Effluent storage: One of the products of AD is the effluent left over after the biogas is gotten from 
the digested organic material, in many cases this is waste which through AD has been stabilised. This 
effluent is very useful for agricultural purposes mostly as organic fertilizers and compost. The 
storage is mostly a tank which keeps the effluent safe until it can be used.    
Gas handling: The gas handling system removes the biogas from the digester and transports it to a 
point of use. The gas handling system includes: piping, gas pumps, gas meter, pressure regulator, 
and condensate drain.  When biogas is produced it is trapped in the airtight digester just above the 
organic materials being digested, this is removed by the piping through the pump which draws the 
gas out of the digester, and the gas meter is used to monitor the gas flow rate. Usage that requires 
high quality biogas then use scrubbers to remove gases like Hydrogen sulphide which is corrosive. 
The condensate drain helps to remove the water vapour present in the biogas. After all this has been 
done the gas can be supplied to where it can be used.  
 2.5 Sizing a digester 
The following digester sizing method is based on the approach was taken from the Biogas digest 
Volume 2 from the Information and advisory service on appropriate technology. (Kossman and Ponitz 
2011) 
The size of a digester to be built is determined by the chosen retention time (RT) and the daily 
substrate input quantity SD.  The formula for its calculation is: 
Digester volume (VD) = SD*RT (M3=M3/day* number of days) 
“The retention time, in turn, is determined by the chosen/given digesting temperature. For an 
unheated biogas plant, the temperature prevailing in the digester can be assumed as 1-2 Kelvin 
above the soil temperature. Seasonal variation must be given due consideration, however, i.e. the 
digester must be sized for the least favourable season of the year. (Kossman and Ponitz 2011) 
In a simple plant design retention time amounts to 40 days but in practice experience shows that 
retention of 60-100 days do occur when there is a shortage of substrate supply. Longer retention 
time can also “increase the gas yield by as much as 40%.” (Kossman and Ponitz 2011) 
“The substrate input depends on how much water has to be added to the substrate in order to arrive 
at a solid content of 4-8% 
Substrate input (SD) = biomass (B) + water (W) [m3/d]” (Kossman and Ponitz 2011) 
Agricultural biogas plants usually have mixing ratios for dung and water that ranges between 1:3 and 
2:1 which depends on the source of the dung.  
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Determining the daily gas production of a biogas plant   
The daily biogas production is calculated on the basis of specific gas yield (Gy) of the substrate and 
the daily substrate input SD. The calculation can be based on: 
1) Volatile solid content VS  
G = VS*Gy (solid) [m3/d= kg * m3/ (d*kg)] 
2) Weight of the moist mass B 
G = B*Gy (moist mass) [m3/d =kg *m3/ (d*kg)] 
The function for the temperature dependency is given by: 
Gy (T, RT)=mGy*f(T,RT) 
 Where: Gy(T,RT) = gas yield as a function of digester temperature and retention time 
mGy= average specific gas yield, e.g. l/kg volatile solid content 
f (T,RT) = multiplier for the gas yield as a function of digester temperature T and retention time 
RT. 
Due to the imprecise nature of data available for higher certainty the average of the results is 
used. 
 Other plant parameters are:  
Specific gas production Gp: is the daily gas production rate per m3 of digester volume and is 
calculated thus:    
Gp= G/Vd [ (m3/d)/m3]   
Digester loading Ld: is calculated from either the daily total solid input TS/d or the daily volatile 
solids input VS/d and the digester volume Vd: 
LdT = (TS/d)/ Vd [kg/ (m
3d)] 
LdV = (VS/d)/ Vd [kg/ (m
3d)] 
Sizing a gasholder 
The size of a gasholder depends on the rate of gas generation and gas consumption. The size of 
the gasholder is given by the gasholder volume Vg 
Vg1 = gcmax *tcmax =vcmax  
Vg2= Gh*tzmax 
With  
        gcmax = maximum hourly gas consumption [m
3/h]  
pg. 26 
 
        tcmax = time of maximum consumption [h] 
      vcmax = maximum gas consumption [m3]  
     Gh = hourly gas production [m3/h]=G/24 h/d 
     tzmax = maximum zero-consumption time [h] 
The larger of the two results Vg1 or Vg2 is usually picked as the size of the gasholder. An extra of 10-
20% should be added as a safety margin. 
“Practical experience shows that 40-60% of the daily gas production normally has to be stored.” 
(Kossman and Ponitz 2011) 
A major factor in biogas plant designs is the ratio Vd/Vg (digester volume/gasholder volume). “For a 
typical agricultural biogas plant, the Vd/Vg-ratio amount to somewhere between 3:1 and 10:1, with 
5:1 -6:1 occurring most frequently. 
 
2.6 Case study of a typical large scale biogas plant.  
Biogas plant at Ballyshannon farms Ireland 
The Ballyshannon farm is a dairy and cheese farm which has 200 dairy cows, a biogas plant was 
installed at this farm in 1995 for sustainable waste management of the manure and waste whey 
while also producing a source of backup power when needed for the farm.  
The farm has a 200m3 rectangular sized digester made of concrete and possesses a fibre glass lid. 
“The anaerobic digester runs on cow slurry in winter, pig slurry in summer and whey from cheese 
production throughout the year.” (Sustainable energy authority of Ireland 2007) The retention time 
in the digester is 20 days and it has an “operating temperature of 36oC” (Sustainable energy 
authority of Ireland 2007). 
The biogas produced from the plant runs a “2-cylinder horizontal, open crankhouse 360 degree twin 
National Engine” (Sustainable energy authority of Ireland 2007) to produce 100 kW electricity and 
heat. The effluent produced from this process is used as fertiliser on the farm.  
The total capital cost of the project was $259,435 which included $155,661 for parts and equipment, 
$51,887 for civil works and $ 51,887 for the electrical infrastructure. The plant generated external 
revenue and also savings from the production of electricity and fertiliser/compost. Yearly revenue 
include $56,211 from electricity sales, $21,620 from compost and hot water sales, annually savings 
of $10,810 on energy bills and $23,349 on  fertiliser.  
The plant has an annually running cost of about $43,239 and with this it is projected to have a 
payback period of 3 years. The plant produces 600m3 of biogas per day. 
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2.7 Economics of Anaerobic Digesters 
The economics of any device or undertaking is a consideration of capital costs, operational cost and 
revenue streams which will result from the purchase or carrying out this undertaking. Anaerobic 
digesters come in varying sizes or volumes; in this context a large-scale digester is being considered. 
Large-scale digester is any digester with a volume in the mid hundreds of m3 and above.  
The capital costs involved in the construction of an anaerobic digester include landed costs and 
construction costs. Landed costs which is the cost of purchasing real estate or the site where the 
plant or digester will be built, varies as in real estate location matters and also sometime 
government incentives which may be included in the landed property for this construction project. 
The construction costs involve the cost of building materials concrete, steel etc. labour costs, design 
costs etc. An upgrading plant for gas upgrading and a biogas generator for electricity generation 
might be required based on the intended purpose of the biogas being produced.  All this mostly 
make up the capital costs of a typical anaerobic digester.  
The operational costs of the plant include water costs, labour cost, maintenance costs, and in some 
cases cost for raw material sourcing for digester which may include either cost of its purchase or just 
the transport costs involved to get it to the digester.  
The revenue streams gotten from the digester include sale of either biogas or electricity generated 
from it, fertilizer sales, tipping or dumping fee usually collected when raw material usually waste is 
dumped at the anaerobic digester and carbon credit which vary from country to country.  In some 
cases revenue can only be valued by the cost avoided by the use of the biogas and effluent. Some 
examples of the financials of some biogas plants illustrated in table 2 below 
Table of some examples of biogas plants their costs and sizes in Australian dollars 
Name of plant Digester 
size M3 
Capital  
costs  in 
2010 $ 
Operational 
costs  in 2010 
$ 
Capital 
costs 
$/M3 
Revenue in 
2010 $ 
References 
KIST plant  500 119,684 N/A 289 Fuel wood 
savings 
(Ashden UK 
2005) 
Ebersdorf 800 259,225 N/A 324 N/A (Biogas Regions 
2007) 
Fraiser plant  1200 1,962246 486,637.08 1635 376,751.29 (Electrigaz 
Technologies inc 
2007) 
Gehrung plant 800 1,321,049 N/A 1651 N/A (Biogas Regions 
2007) 
Farmegy, 
Lowbrook 
Biogas plant  
2,880 2,956,777 N/A 1026 N/A (Biogas Regions 
2007) 
Ballyshannon 200 259,435 43,239 1297 77,831 (Sustainable 
energy 
authority of 
Ireland 2007) 
Faascht Farm 1500 5,344,354 N/A 3562 N/A (Biogas Regions 
2007) 
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Geveke biogas 
plant 
2000 4,955,334 N/A 2477 N/A (Biogas Regions 
2007) 
Azienda 
Agricola La 
1900 9,341,838 N/A 4916 N/A (Biogas Regions 
2007) 
       
Table 2.2: Examples of biogas plants in operation 
The Currency conversion is carried out with the use of the currency conversion tool from 
Externe.info. This involved converting the values in the references to AUD and then including an 
allowance for inflation.  
 
Fig:2.5 plot of the cost per m3 vs. Size of anaerobic containment biogas plant sizes 
From the above figure2.5 plots it obvious that there is no apparent trend or pattern which shows the 
effect of sizes on the cost of biogas plants of these sizes. It is therefore apparent that the cost of 
biogas plant are also very much affected by type, building materials used, vendors and country 
parameters such as cost of labour, and many more.  The outliers with costs of 4916 and 3562 $/m3 in 
given material show no reasons for higher costs. From the above plot if outliers are ignored a mid-
range of plant cost can be around 1300 $/m3. 
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3. Economic Viability of a Biogas plant in Lagos 
The proposed biogas plant to be considered in this study will be a large scale plant with a capacity of 
1000m3. It will be used for the digestion of sewage being generated by residents and facilities not 
connected to the inadequate sewage pipe coverage in Lagos state.   
Capital costs include construction costs, labour costs and even installations costs. To estimate the 
cost of the above sized plant, the cost would be calculated based on an estimated cost per m3 size of 
a digester which was given in section 2.7 above. Each m3 can be estimated to cost $1300 therefore a 
1000m3 plant would be estimated to cost $1,300,000. There is no obvious reason why construction 
of biogas digester should be more expensive than the typical average value obtained in section 2.7 
above. The plant can be constructed with either concrete or steel which can be done with local 
labour and skill from the construction and petroleum industry which construct steel tank farms, 
large pipelines for natural gas and the construction of concrete structures. 
The capital costs do not include the land cost as the estimates of all plants researched did not 
include them as these plants were built on farms or sewage plant sites. The capital costs included 
storage costs as all the plants had storage facilities for both the substrate and gas include in their 
costs.    
Operational costs include the cost of water, cleaning, desludging, general maintenance costs, staff 
costs, etc. This refers to the running costs which are required for the successful operation of the 
plant. Many of these costs will vary due to site specific factors but in the case of this plant it is 
assumed from the biogas plant. If 3% of the capital cost is the operating cost that will result in an 
operating cost of about $39,000 per annum this was the value assumed in the feasibility study for 
Volbeda dairy farm which was carried out by EC Oregon (Essential Consulting Oregon 2009). These 
costs include the cost of renting and running a septic tanker for the evacuation of septic tanks at a 
cost, the rest is used for provision of water, power bills etc. Operational costs also include labour 
costs for staff that will operate the plant year round. It was assumed that the staff will include 3 
operations staff and a manager who supervises them, documents operations and markets the 
products. These wages costs amounts to $34,296 which includes three minimum wage staff who 
earn $1432 annually (National minimum wage (amendment) act 2011 n.d.) , and the 
manager/accountant who makes about $30,000 annually .The organic waste being used is sewage 
and its delivery is either at no cost or as a source of income. The waste disposal system as it 
currently exists has septic tankers operated by independent contractors who get paid to evacuate 
sewage tanks in homes and other buildings. The waste is dumped into the various water bodies in 
Lagos. If there was strict enforcement of pollution laws and free dumping of sewage was offered at 
the plant, the plant would get sewage free of charge or as a revenue source if it operates its own 
septic tanker.  The operational and maintenance costs are: 
Plant operation costs $39,000 
Labour costs                $34,296 
Total O& M cost         $73,296 
For a 1000m3sized digester would require a flow of sewage of:  
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Vd=Sd*RT   where Vd= digester volume, Sd= Substrate input, RT= Retention time. 
Assuming a retention time of 20 days for this particular digester 
Vd= 1000m3 and RT= 20days  
Therefore, Sd= 1000/20=50m3/day  
The annual substrate input will be 50m3 multiplied by 365 days which is 18,250m3 .This is the 
expected sewage to be used to run the plant. The size of typical septic tankers used to evacuate 
onsite septic tanks is 5 m3 which would mean the plant would require at least 10 septic tanker loads 
per day to operate. Based on the varying sizes of most homes which determine how big their septic 
tank is it would be difficult to ascertain the coverage area of this plant based on its activity. On the 
other hand it will be able to suitably meet a very tiny portion of the 1.4 billion litres of wastewater 
generated daily in the Lagos area.  
The plant in this instance is assumed to operate its own tanker which is able to evacuate 5m3 of 
sewage per trip from customers’ septic tanks. It can make two trips daily and this is done at the cost 
of $300 per trip which is extra revenue for the biogas plant’s operations. Assuming that 2 of the 10 
daily required loads of sewage are provided by the in house septic service, an added income of 
$219,000 would be generated annually.  
For an annual substrate input shown above the biogas yield is given by: 
G= VS *Gy (solids) 
 Where VS = volatile solids in Kg, and Gy is gas specific gas yield of the substrate in litres 
Assuming a volatile solids comprise 9% for the sewage delivered year round, VS =9 %*( 
18250*721Kg) = 1,184,242.5 kg, assuming a density of raw sewage of 721kg/m3 (Aqua-Calc 2005-
2012). Table 3.1 below indicates that Gy for sewage can range from 310 to 740litres/Kg of VS for this 
exercise a value of 310 litres per kg is used based on the assumption that this is a plant at the low 
performance end of the spectrum.  
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Table3.1: Gas yields and methane content for various substrates at the end of a 10-20 day retention 
time at a process temperature of roughly 30oC. Source: (Kossman and Ponitz 2011) 
Therefore biogas production for a year is G = 1,184,242.5Kg*310liters = 367,115,175 litres or 
367,115.2m3 of biogas  
The inflation rate in Nigeria as of July 2012 was 12.8% (DLM Research 2012), and the interest rate is 
12% (Trading Economics 2012) but in the calculations the inflation rate will be assumed to be zero 
pg. 32 
 
while the discount rate is assumed to be 10% and also a sensitivity analysis is done on the effects of 
changes in its value. 
Revenue sources: The main sources of revenue for most biogas plant are from the sale of biogas and 
fertilisers but in this case the biogas and the provision of septic tank evacuations are the main 
sources of revenue. The fertilisers derived from the digestion process are valuable but are currently 
going to be undercut by free manure which is used by most farmers.  
The septic evacuation service gets an added income of $219,000 is generated annually from the 2 of 
the 10 daily supply tankers of sewage provided as calculated above.  
The NPC is the net present cost or the total cost of building and owning a biogas plant over its 
lifetime. The NPC for the plant is given by the addition of the capital cost and the product of the 
operational cost and present worth factor given by: NPC=Capital cost + (O&M cost x PWF). Where 
the present worth is given by: PWF = summation of [(1+ inflation)/ (1+discount rate)] ^no of years.  
For this plant it is given by $1,300,000 + ($73,296x6.14) = $1,750,037.44. 
The Levelised cost is calculated by dividing the NPC of the process by the discounted value of annual 
biogas production which gives: Levelised cost = $1,750,037.44/ (367,115.2m3 x 6.14) = $0.78/m3 
3.1. Case study on Potential use of Biogas 
Biogas can either be sold directly to an industrial end user for the production of heat for its 
processes or used for electricity generation on site which is then sold to the government run power 
companies. 
When used as an industrial fuel for provision of heat it will need to displace natural gas which is the 
fuel of choice. To investigate this possibility a comparison will be done of both fuels in a hypothetical 
industrial case as shown below.  
A typical gas boiler operating at full load operates at an efficiency of 75% (Council of Industrial Boiler 
Owners 2003). Assuming that an industrial process requires 100GJ per day of heat using the same 
boiler we need to find out how much biogas and natural gas would be required to provide this heat. 
Firstly how much energy needs to be supplied to the boiler to provide 100GJ of heat? 
Input of 133.3GJ (100GJ/0.75) must be supplied to the boiler. The energy content of biogas is 
23MJ/m3 (Baltic Biogas Bus 2009). 133300MJ/23MJ=5795.65M3 of biogas would be required to 
provide the heat. Natural gas has an energy content of 1mcf = 1.05GJ of energy (National Energy 
Board 2012). 1mcf = 28.32m3 therefore 1m3 = 0.0353mcf *1.05 = 0.037GJ or 37MJ. To provide 
133.3GJ of energy for the boiler from natural gas would require 133.3GJ/0.037GJ= 3602.7m3 of 
natural gas. The cost of using biogas to provide this heat is $0.78*6205.77= $4840.5 
The cost of natural gas in Nigeria ranges “from USD 0.20-$0.65/mcf” (Michael J. Economides 2009).  
Since 1 USD = 0.96 AUD (XE 2012), the price of gas ranges from $0.192-$0.624/mcf Assuming the 
pg. 33 
 
cost is $0.40/mcf, 1m3 of natural gas costs 0.0353*$0.40 = $0.014/m3, and so the cost of providing 
the heat for process is $0.014/m3*3602.7m3=$50.44  
From this it can be seen that the cost of using biogas is very much more expensive than the current 
fuel of choice based on its Levelised cost. The energy content of a cubic meter of biogas is almost 
half the energy content of a cubic meter of natural gas. To appropriately charge for the energy 
content of the biogas it should be sold at half the price of natural gas $0.007/m3. After determining 
the appropriate price for the biogas produced this is used to calculate the total revenue which is: 
$0.007 x 367,115.2m3= $2569.81 this is added to the annual revenue from septic services to give 
$221569.81. The economic feasibility is determined below by finding the NPV (net present value) 
which find out how much value is left when the real values of all the costs are subtracted from all 
revenue over the lifetime of a project.   
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3.2 Overall Economic Feasibility of the Biogas Plant in Lagos 
Year  Capital O&M Revenue SPPWF PV of benefit Cashflow 
0 
-$  
1,300,000.0  
 
Oc + SS 1/(1+r)^n 
-
$1,300,000.0  
-$         
1,300,000.00  
1 
 
$          
73,296.0  
 $  
221,569.81  0.9091 
 $  
134,794.37  
-$           
1,165,205.6  
2 
 
 $          
73,296.0  
 $  
221,569.81  0.8264 
 $  
122,540.34  
-$           
1,042,665.3  
3 
 
 $          
73,296.0  
 $  
221,569.81  0.7513 
 $  
111,400.31  
-$               
931,265.0  
4 
 
 $          
73,296.0  
 $  
221,569.81  0.6830 
 $  
101,273.00  
-$               
829,992.0  
5 
 
 $          
73,296.0  
 $  
221,569.81  0.6209 
 $     
92,066.37  
-$               
737,925.6  
6 
 
 $          
73,296.0  
 $  
221,569.81  0.5645 
 $     
83,696.70  
-$               
654,228.9  
7 
 
 $          
73,296.0  
 $  
221,569.81  0.5132 
 $     
76,087.91  
-$               
578,141.0  
8 
 
 $          
73,296.0  
 $  
221,569.81  0.4665 
 $     
69,170.82  
-$               
508,970.2  
9 
 
 $          
73,296.0  
 $  
221,569.81  0.4241 
 $     
62,882.57  
-$               
446,087.6  
10 
 
 $          
73,296.0  
 $  
221,569.81  0.3855 
 $     
57,165.97  
-$               
388,921.6  
    
NPV = 
(Total 
-$    
388,921.6  
 
Table3.2: NPV table of calculation 
 
Fig: 3. 1. Graph of discounted cash flow 
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The NPV of the plant is negative thus the plant is not viable with its current revenue sources which 
are revenue from gas sales and septic tank evacuation services. The plant discounted cash flows 
don’t become positive as shown in Fig3.1 above. There is a need for development of more revenue 
streams for improved profitability of the plant. The additional revenue from septic evacuation 
services makes the plant profitable. There is also an option of the use of mixed substrate which is 
made up of not only sewage but also animal manure, farm waste and kitchen waste which have 
higher biogas production rates than sewage. This would help get more out of the plants limited 
capacity.  The sale of its fertiliser is output which is also a potential for extra revenue in the future as 
the demand for organic fertilisers begins to grow. Though unviable in Lagos Nigeria it should be 
observed that the cost of natural gas is very cheap when compared to prices in other countries. The 
benchmark hub natural gas prices In Japan price are around $0.53/m3, in the United Kingdom prices 
are around $0.33/m3, in the United States prices are around $0.14/m3 (BP 2012). In Perth the price 
of gas is $1.19/m3 (Alinta Energy 2012). 
3.3. Sensitivity analysis 
The sensitivity analysis shows the effects of changes in the capital costs and discount rate would 
have on the net present cost. Changes in the capital cost of the project reflected a change in the 
same direction in the net present cost but in different proportions. There exists a directly 
proportional relationship between the two variables as existed in the graph.  
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Fig 3.2: Graph of the % change in capital cost vs. % change in NPC 
The changes made in the discount rate also effected changes in the NPC in an inverse direction to 
the change in discount rate. There exists an inversely proportional relationship between the two 
variables in the instance too as shown in fig 3 but not nearly as. Variations only going up to 6% while 
in fig 3.2 above the variations go as high as 40%. 
 
Fig.3.3:  % change in discount rate vs. % change in NPC. 
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4. Conclusion 
 
A biogas plant based in Lagos of a 1000m3 capacity which is to digest 18,250m3 of sewage 
annually and producing 367,115.2m3 of biogas has the possibility of being viable, but under 
current conditions much creativity has to be taken for it to be viable.  
Firstly there is little or no revenue from the dumping of sewage which is done by independent 
contractors who have little or no incentive to dump sewage at the plant because, of lack of 
enforcement of pollution laws thus they get to dump sewage in the water ways of Lagos free, 
and have no reason to pay for dumping facilities. The cost of Natural gas is also very cheap in 
Nigeria when compared to a city like Perth, this is a major factor in the plant being unviable but 
if it were to be sited anywhere else in the world where the prices aren’t as cheap it would be 
comparatively viable.   
The biogas generated from the quantity of organic waste being digested could be more, if mixed 
digestion were used, that is the digestion of sewage with other organic material such as cow 
manure, pig waste, food waste, and farm waste etc. is done.   This tends to produce more biogas 
than the digestion of only sewage which is being examined here.  
There is a need for the development of the currently non-existent market for organic fertiliser 
for the fertiliser by products which will be generated by the operation of this plant. For much 
needed extra revenue to be gained. 
There needs be more investigation of the plants septic evacuation services increasing market 
share so as to be the plant sole source of sewage for daily operation thus increasing the amount 
of revenue gained for tanker of sewage put in the plant.  
Under the modest conditions which the viability of this plant was examined the plant is not 
economically viable.   
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